We demonstrate a nanoscale broadband silicon plasmonic Schottky detector with high responsivity and improved signal to noise ratio operating in the sub-bandgap regime. Responsivity is enhanced by the use of pyramidally shaped plasmonic concentrators. Owing to the large cross-section of the pyramid, light is collected from a large area which corresponds to its base, concentrated toward the nano apex of the pyramid, absorbed in the metal, and generates hot electrons. Using the internal photoemission process, these electrons cross over the Schottky barrier and are collected as a photocurrent. The combination of using silicon technology together with the high collection efficiency and nanoscale confinement makes the silicon pyramids ideal for playing a central role in the construction of improved photodetectors. Furthermore, owing to the small active area, the dark current is significantly reduced as compared with flat detectors, and thus an improved signal to noise ratio is obtained. Our measurements show high responsivities over a broad spectral regime, with a record high of about 30 mA/W at the wavelength of 1064 nm, while keeping the dark current as low as ∼100 nA. Finally, such detectors can also be constructed in the form of a pixel array, and thus can be used as focal plane detector arrays. Low-cost silicon photodetectors are the most common choice for the visible range of the spectrum. The mature CMOS technology allows the fabrication of these detectors over large areas and in large quantities. However, such detectors fail to operate at the infrared because the energy of the incident photons is smaller than the energy bandgap of silicon and is thus not sufficient for the excitation of an electron from the valence to the conduction band. As a result, most of the commercially available detectors operating in the near-infrared portion of the spectrum consist of InGaAs structures, which have a lower energy bandgap and thus can be used to detect optical signals in the near-infrared (near-IR), e.g., at the telecom band. Such detectors have been recently integrated into silicon photonics circuitry [1] . Another popular solution, which is recently implemented in silicon photonics technology, is that of Germanium detectors [2] [3] [4] [5] . However, having an all-silicon solution for the near-IR regime still remains a challenge. Several approaches for the realization of near-IR photodetectors in silicon were demonstrated over the years including, for example, defect-mediated processes (surface and bulk states) [6] [7] [8] , nonlinear processes such as two-photon absorption [9] [10] [11] , and others. A different way to detect the infrared light in silicon is by using the internal photo emission (IPE) process in a Schottky barrier. When a semiconductor shares a common interface with a metal, a Schottky barrier is created. For the interface between silicon and common metals (Cu, Al, Ag, Au), the barrier's height is typically lower than the energy bandgap of silicon. Upon the absorption of photons in the metal, their energy in transferred to the conduction electrons. Assuming that the photon energy is higher than the Schottky barrier, these electrons can cross over the Schottky barrier into the semiconductor, where they are collected as a photocurrent under a reverse bias. Usually, the efficiency of this process is low due to several reasons including, e.g., momentum
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Motivated by this challenge, in this Letter we demonstrate an improved configuration of a silicon Schottky photodetector for the near-IR wavelength band. Our photodetector is realized using a standard fabrication technique of anisotropic chemical wet etching in which pyramidally shaped devices are created in silicon by KOH etching. Implementation of this standard microelectronic fabrication technique provides the ability to fabricate plasmonic silicon detectors with a nanometric active area without need for "nanoscale" fabrication tools such as focused ion beam (FIB) or electron beam (Ebeam) Lithography. The silicon pyramids perform as efficient and broadband light concentrators, collecting the light from a large area into a small active pixel area, thus providing high responsivity together with low dark current. Furthermore, the efficiency of the photoemission process is enhanced at the nanoscale apex of the pyramid owing to the relaxation of the electron momentum mismatch between the silicon and the metal. Finally, our structures can be constructed in the form of an array, thus performing as an efficient and low-cost focal plane array for this spectral regime. A schematic drawing of our device is depicted in Fig. 1 . Light is incident from the backside of the silicon wafer and propagates toward the active pixel area, where it is concentrated by the silicon pyramid toward the apex. Owing to the large refractive index contrast between the silicon and its surroundings, most of the light is propagating below the critical angle for reflection and thus cannot escape from the pyramid.
The device was fabricated on a silicon wafer using an anisotropic etching of silicon in KOH solution. Next, the structures were planarized by an SU-8 polymer, followed by formation of Al Schottky contacts. Each fabrication step was inspected by taking optical images and scanning electron microscope (SEM) micrographs (see Supplement 1) . SEM micrographs of a typical fabricated device are shown in Figs. 2(a) and 2(b) . The apex of the pyramid was found to be ∼50 nm. It should be noted that such a nanoscale feature was formed by the standard process of silicon oxidation in a thermal furnace, without need for nanopatterning tools such as Ebeam lithography or FIB technique (see Supplement 1 for more details).
Based on the exact dimensions of the fabricated devices as extracted from the SEM micrographs, we calculated the electric field distribution, reflection, transmission, and absorption in our device by using a three-dimensional (3D) finite-difference time-domain simulation technique. In our simulation, the pyramid structure with an aluminum cladding covering the top of its apex was illuminated by a plane wave source from the base of the pyramid at different wavelengths. A cross-section of the calculated intensity distribution at the wavelength of 1300 nm inside the pyramid near the apex is shown in Fig. 3(a) . A movie showing the light propagation and absorption in the device is presented in Media 1.
At the apex of the pyramid, the electric field intensity is enhanced by a factor of ∼30 compared with the electromagnetic intensity in the base of the silicon pyramid. The simulated optical absorption in the device was found to be 4% at the wavelength 1300 nm. This absorption is caused by the ohmic loses of the metal and is described by qr ωε 0 2 Imε metal jĒrj 2 . While in most plasmonic devices Ohmic loss is considered to be harmful, here the loss plays a positive role, as it is the source of hot electron generation. Figure 3(b) shows the hot electron generation density in the device. As can be observed, most of the hot electrons are generated in the metallic part of the pyramid close to the pyramid's apex. Letter Therefore, we may anticipate some relaxation of the momentum mismatch condition in the transfer of electrons from the metal to the semiconductor [12, 22, 28] .
To experimentally characterize our Schottky plasmonic detector, the device was illuminated from its backside by near-infrared light derived from three different laser diode sources at three different wavelengths. The electrical detection performance of the device was characterized at room temperature (295 K) by measuring the current-voltage (I-V) characteristics of the Schottky contact under different illumination conditions. In Fig. 4 , we present the measured I-V characteristic of a typical device for different wavelengths of illumination at a constant incident optical power, obtained by focusing light onto the active area of the pixel using a F 6 mm lens converting the ∼1 mm diameter incident beam into a small spot of about 20 μm in diameter. Without the illumination, the device shows a nonlinear asymmetric rectifying behavior with a dark current of 80 nA for reverse bias of 0.1 V. In forward bias, the diode current was limited by the serial resistance of the metal contacts, calculated to be 4 KΩ. Evidently, the photo-generated current is increasing with the energy of the photons, which is common for Schottky photodetectors and opposite from what is observed in standard photodiodes. The reason for this behavior is the rapid increase (with respect to the photon energy) in probability of the internal photoemmision process [28] , which surpasses the standard 1∕hv reduction in number of photons at constant optical power. To obtain the responsivity of our pyramid Schottky detector, we measured the photo-generated current under small reverse bias of 0.1 V as a function of an incident optical power. As expected, the photocurrent is linearly increasing with respect to the incident optical power, as shown in inset of Fig. 4 . Additionally, the observed shift in the minimum of the current is attributed to the induced photocurrent source, which opposes the forward bias current of the Schottky diode.
The slope of the curve represents the responsivity of the device according to I R I dark R × P in , where I dark is the leakage current of the Schottky diode, R is the photodetector responsivity, and P in is the optical power delivered to the device. We found the responsivity of the device to be 5, 12, and 30 mA/W for incident optical wavelengths of 1550 nm, 1300 nm, and 1064 nm, respectively. The linear dynamic range (LDR), defined by 20 logJ ph ∕J dark [29] , was found to be 20 dB, 31 dB, and 67 dB, respectively. We fabricated a few tens of these detectors in different chips with yield of above 90%. In each batch, the responsivity was nearly the same, providing an indication for the robustness of the proposed approach. One should be aware, however, that the Schottky barrier height is strongly dependent on the surface states of the semiconductor and may be influenced strongly by varying the fabrication conditions. It should be noticed that the responsivity of our silicon detector is still lower compared to commercial InGaAs and Ge detectors [R1.5 μm 0.95 A∕W R1.5 μm 0.9 A∕W, respectively], yet it offers the important advantages of simplicity, compatibility with silicon, and low-cost fabrication on top of its interesting physical mechanisms.
In order to demonstrate the role of the pyramids in enhancing the performance of the device, we compare our pyramid Schottky photodetectors with a Schottky detector realized in a flat geometry using a similar fabrication process and with the same area of active plasmonic Schottky contact. Figure 5 (a) shows typical I-V measurements of the two types of detectors. These measurements were performed at a wavelength of 1300 nm and at a constant optical power of 1 mW, which is focused to the 20 μm spot. Evidently, the responsivity of the pyramidally shaped detector is nearly two orders of magnitude higher compared with the flat device. This significantly higher responsivity can be partially explained simply by the collection efficiency of the pyramid, directing most of the incident optical power toward the active pixel area in the vicinity of the apex. In contrast, the flat pixel is smaller than the incident optical beam and hence most of the incident optical power is not contributing to the detection process.
The effect of light collection by the pyramid is emphasized in Figs Letter also play a role via the mechanism of momentum mismatch relaxation, as has been shown before [27, [29] [30] [31] . In order to address this latter issue, we fabricated several flat detectors with increasing area, and measured responsivity (see Supplement 1) . Because the light absorption of the two structures is within the same order of magnitude, this result provides evidence for the significant increase in internal photoemission efficiency provided by the nanoscale confinement of electromagnetic energy next to the apex of the tip. Achieving nearly two-fold improvement in efficiency while keeping the dark current constant shows the significant advantage of our device in enhancing the signal to noise ratio by integrating pyramids for the purpose of improved collection efficiency while using a monolithic silicon process.
In summary, we have demonstrated a broadband silicon plasmonic Schottky detector with high responsivity and enhanced signal to noise ratio operating in the sub-bandgap regime. Responsivity is enhanced by the use of pyramidally shaped plasmonic concentrators. Owing to the large crosssection of the pyramid, light is collected from a large area and is concentrated toward its apex, where it absorbed in the metal and generates hot electrons. Using the internal photoemission process, these electrons cross over the Schottky barrier and are collected as a photocurrent. The combination of large collection efficiency together with nanoscale confinement makes the silicon pyramids ideal for functioning as photodetectors. Furthermore, owing to the small active area, the dark current is significantly reduced compared with a large area device, thus allowing for a significant improvement in signal to noise ratio. Our measurements show high responsivities over a very broad spectral regime, with a record result of about 30 mA/W at the wavelength of 1064 nm and dark current of about 100 nA. Finally, such detectors can also be constructed as a pixel array, and thus can be used as focal plane detector arrays.
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